Background-Live oral rotavirus vaccines have been less immunogenic and efficacious among children in poor developing countries compared with middle income and industrialized countries for reasons that are not yet completely understood. We assessed whether the neutralizing activity of breast milk could lower the titer of vaccine virus and explain this difference in vitro.
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rotavirus; RV1; RV5; neutralizing activity; breast milk Rotavirus is the most common cause of severe diarrhea in children less than 5 years of age. Rotavirus disease is responsible for an estimated 527,000 deaths per year worldwide, with >85% of these deaths occurring in low-income countries. 1, 2 Two live oral vaccines, a monovalent attenuated human rotavirus strain, RV1 (Rotarix) and a pentavalent humanbovine rotavirus reassortants, RV5 (RotaTeq), have demonstrated high efficacy against severe diarrhea and hospitalization from rotavirus among young children in developed and middle income countries. 3, 4 They have now been licensed for use in many countries. However, both vaccines have demonstrated significantly lower immunogenicity and efficacy in low income countries of Africa and Asia. RV1 induced an immune response in >90% of infants in Finland, 5 ~70% in Latin American, 6 and 40% to 60% in South Africa, Malawi, Bangladesh, and India. [7] [8] [9] [10] Similarly, RV1 induced protection against severe rotavirus disease in >85% of children in Europe and Latin America, ~70% in South Africa and <50% in Malawi. 11 Clinical trials of RV5 in Ghana, Kenya, Mali, Bangladesh, and Vietnam have also demonstrated significantly lower efficacy in these resource poor settings (G.E. Armah and K Zaman, personal communication). A postlicensure evaluation of RV5 in Nicaragua demonstrated vaccine effectiveness of ~60% against severe rotavirus disease, 12 considerably lower than the efficacy of >90% in the United States and Finland. The lower immunogenicity and efficacy seen for the 2 new rotavirus vaccines is similar to observations made with early versions of rotavirus vaccines and other live oral vaccines-polio and cholera, when they were tested in populations living in low-income countries. [13] [14] [15] [16] [17] The observed gradient between the immunogenicity and efficacy of rotavirus vaccines and the level of development of a country remains unexplained. One possible explanation of the lower efficacy of these vaccines in low income settings is that mothers more frequently breast-feed their infants in clinic, at the very time that the vaccine is orally administered. In addition, mothers in low income countries appear to have greater natural exposure to rotavirus, as reflected not only in higher titers of neutralizing activity in their breast milk but also higher titers of transplacental IgG in their infants. 18 Together these could decrease the effective titer of vaccine virus reaching and replicating in the small intestine of children in low income countries, rendering the vaccine less effective. 19, 20 In this study, we investigated antibody profiles and neutralizing activities against rotavirus vaccine strains in breast milk specimens collected from lactating women in India, Vietnam, South Korea, and the United States. Our objectives were to assess the potential impact that breast-feeding might have to lower the immunogenicity and efficacy of live oral vaccine in developing countries. If the difference were significant, it would encourage trials to transiently delay breast-feeding at the time of immunization to see whether this strategy could improve the outcome of vaccination in poor developing countries.
METHODS

Subjects and Specimen Collection
From January 2007 to October 2007, we collected 5 to 10 mL of breast milk from mothers in India, Vietnam, Korea, and the United States who were breast-feeding their infants of 4 to 29 weeks, approximately the recommended age for the administration of rotavirus vaccine. Each specimen was assigned a unique identifier to maintain the anonymity of the donor and data on the ages of the mother and infant and the date of collection were recorded. All specimens were kept frozen at −70°C before being shipped and analyzed in the laboratory at CDC. Informed consent was obtained from all participants using the same study protocol. The protocol was reviewed and approved by the institutional review boards of each of the participating institutions. Because the Centers for Disease Control and Prevention (CDC) tested pre-existing, anonymous specimens, this research did not require review by the CDC IRB.
Detection of Rotavirus Specific Antibody
Rotavirus-specific IgA in breast milk samples was determined by ELISA as previously described. 21, 22 Briefly, microplate wells were coated with rabbit hyperimmune serum to rhesus rotavirus (RRV) and incubated with diluted RRV or blotto (5% skim milk in phosphate-buffered saline [PBS]); after washing, breast milk samples that were serially diluted from 1:2 to 1:2048 in diluent buffer (PBS supplemented with 1% skim milk and 0.5% [vol/vol] of 10% polyoxyethylene ether W1) were added to the wells, followed by horseradish peroxidase (HRP)-conjugated goat antihuman IgA antibodies (Sigma, US). After incubation and washing, the reactions were developed with tetramethylbenzidine (TMB, Sigma) and stopped with 1N HCl. Optical density (OD) was determined at 450 nm with an EIA reader (MRX Revelation, Dynex Technologies, Chantilly, VA). Antibody titers in breast milk were calculated as the reciprocal of the highest dilution that gave a mean OD greater than the cutoff value (3 standard deviations above the mean OD of the blotto wells).
Rotavirus-specific neutralizing activity in breast milk was measured by a microneutralization assay as previously described. 21 Briefly, breast milk samples (50 µL) in 2-fold dilutions were mixed with an equal volume of trypsin activated vaccine virus (RV1, RV5 G1, or 116E) to yield a concentration of 4000 FFU/well and incubated at 37°C for 1 hours. Monolayers of MA104 cells grown in 96 well plates were washed with PBS and incubated with diluted the breast milk and virus mixture. Following incubation at 37°C for 1 hours, the plates were washed with PBS and incubated with 100 µL of Iscove's Modified Dulbecco Medium containing 5 µg/mL trypsin. After 20 hours incubation at 37°C, the plates were fixed with 15 µL of 37% formaldehyde at 4°C for 30 minutes. Rotavirus antigen in the MA104 cells was detected by incubating plates with a rabbit anti-RRV hyperimmune serum, HRP-labeled antirabbit IgG, and then TMB. Neutralizing titer in a breast milk specimen was determined as the reciprocal of the highest dilution that showed a greater than 70% reduction in the absorbance value compared with that in virus-only controls. The cumulative frequency distribution of IgA titers and levels of neutralizing activity against rotavirus in breast milk obtained from women in the 4 countries were plotted.
Plaque Reduction Neutralization Test
Because RV1 demonstrated the highest reduction in virus titer with breast milk from India, we used a plaque reduction neutralization assay to simulate the neutralization of this vaccine virus that might occur in the mouth or gut of a child being breast-fed and simultaneously immunized. Approximately 100 PFU of trypsin-activated vaccine virus in 100 µL was incubated with an equal volume of serially diluted breast milk (4-fold) for 1 hour at 37°C. The mixtures were placed on a monolayer of MA104 cells in 6-well plates and after 1 hours incubation, the wells were overlaid with 0.3% agarose in minimum essential media containing 5 µg/mL of the trypsin. The plates were then stained with 2% neutral red and rotavirus plaques in duplicate wells were counted. The percent reduction in virus titer was calculated by comparing the numbers of plaques in wells of virus-breast milk mixture to those of virus-only controls.
Statistical Analysis
The Kolmogorov-Smirnov goodness-of-fit test was used to statistically compare the distribution of titers in specimens from each country. The Wilcoxon signed-rank test (SPSS 17.0 [SPSS Inc. Chicago, IL]) was used to analyze the difference in antibody titers among milk specimens from mothers in different countries.
RESULTS
A total of 202 breast milk specimens were collected from mothers with infants of 4 to 29 weeks of age in India (n = 40), Vietnam (77), Korea (34), and United States (51) ( Table 1 ). The age of women from Korea, Vietnam, and the United States ranged from 16 to 41 years (median, 28 -35 years), whereas the ages of Indian women were not available. The ages of the infants from all 4 countries ranged from 1.0 to 6.6 months (median, 2.8 -3.5 months).
We first examined antirotavirus IgA titers in breast milk of mothers from the 4 countries ( Fig. 1A) . Almost all women had some IgA in their breast milk. The specimens from Indian women had the highest IgA titers (median, 64, range: 16-2048), whereas lower and comparable titers were detected in specimens from women in Vietnam (median, 16; range: 2-1024), Korea (median, 32; range: 2-1024) and the United States (median, 32, range: 2-512). The titers in Indian women were significantly greater than those of women from the 3 other countries (P = 0.005) and the maximum difference in median titer was about 4-fold.
We then measured neutralizing activity in breast milk against 3 rotavirus vaccine strains RV1, RV5 G1 and 116E (Figs. 1B-D). Against RV1 (Fig. 1B) , breast milk titers from the Indian women were significantly greater than those of all other women; >50% had high levels (≥64) of neutralizing activity and >30% had a titer ≥128. By contrast, titers in Vietnamese and American mothers (median, 1:2) were significantly lower than the others, and titers of Korean women (median, 1:8) were intermediate. Breast milk of Indian women also had the highest neutralizing titers against RV5 G1 and 116E strains, followed by milk from Korean and Vietnamese women (Figs. 1C, D) . Mothers in the United States had low or no neutralizing activity against RV5 G1 and 116E. Of note, the greatest difference in median neutralization titer between Indian and American mothers occurred in the human vaccine strains RV1 (median difference >32-fold) and 116E (16-fold) versus the RV5 G1 strain (~8fold).
Finally, we selected breast milk specimens with low (≤8) and high (256 -2048) neutralizing titers from India and those with no (≤2) and high (8 -32) titers from the United States to determine how much these samples could reduce the titer of RV1 by using a plaque reduction assay (Fig. 2) . Except for some nonspecific reduction observed at the 1:8 dilution, low titer milk specimens from both India and USA did not substantially reduce the titer of the vaccine virus ( Figs. 2A, C) . However, all but one specimen of high titer milk from India and the United States resulted in a reduction in the titer of RV1. Furthermore, the magnitude of reduction was dependent upon the level of neutralizing activity in the specimens (Figs. 2B, D). For example, at a 1:32 dilution, all 6 Indian specimens resulted in >70% reduction in titer, whereas only 2 of 5 specimens from United States led to a reduction of comparable magnitude. Even at a 1:512 dilution, a >50% reduction was observed with specimens from 3 of the 6 Indian women compared with none from American women.
DISCUSSION
New data on the lower immunogenicity and efficacy of RV1 and RV5 observed among children in low income countries has renewed concern about the performance of live oral rotavirus vaccines in these challenging settings where 85% of the 527,000 rotavirus deaths occur. Many hypotheses have been suggested to explain their lower performance, including differences in gut flora or levels of maternal antibody. A short delay of breast-feeding at the time of immunization might be the least complicated intervention to improve the efficacy of these vaccines. 23 Our findings suggest that the neutralizing activity of breast milk could substantially reduce the potency and effectiveness of live oral rotavirus vaccines among infants in resource-poor countries where mothers often breast-feed in clinic at the very time that a vaccine is orally administered. Our results demonstrate that milk specimens from Indian mothers had significantly higher titers of neutralization activity against licensed vaccine strains than those of American, Korean, and Vietnamese women. This effect was more striking with the 2 vaccine strains of human origin, RV1 derived from the most commonly circulating rotavirus strain and 116E, a neonatal strain originally isolated in India, than the bovine-origin RV5 strain, although interference with the latter was also observed.
Results from clinical trials conducted in developed and middle income countries indicated that breast-feeding did not reduce the efficacy of either RV1 or RV5. 3, 4 However, the investigators only recorded whether or not an infant was breast-fed but not the interval between breast-feeding and the time the vaccine was administered. Our findings that mothers in America and Korea had no or only modest titers of neutralizing activity in breast milk also indicate that breast-feeding may not have a substantial negative impact in these high income settings. However, high titers of neutralizing activities in milk from mothers in low income countries like India could dramatically reduce the effective titers of vaccine in the gut and lead to significantly reduced immunogenicity and efficacy. Our data suggests that the depressed immune response to RV1 in Bangladesh, India, and South Africa and thẽ 50% efficacy of the vaccine in Malawi might be explained, in part, if infants consumed breast milk with high neutralizing activity at the very time of immunization. 8, 9, 11, 24 Lower efficacy was also reported for the early candidate bovine rotavirus vaccine RIT in African and Asian countries 15, 16 and RV5 in Nicaragua, 12 Bangladesh, Ghana, and Mali. Of interest, antibody profiles in breast milk specimens from Vietnamese women were more similar to those in American women than Indian mothers. This finding corroborates other studies in which the epidemiology of rotavirus in Vietnam was strikingly more similar to that in developed countries than in the developing world. 25 Of note, the efficacy of RV5 was high in Vietnam compared with the other 4 low income countries (Bangladesh, Ghana, Malawi and Nicaragua) where it was tested. Thus, the potential negative impact of breast-feeding is likely to vary by setting and could be greatest in poor developing country settings with the highest burden of rotavirus and frequent maternal exposure to natural rotavirus infection. Some caveats should be considered in interpreting our data. First, we only examined antibody and neutralizing activity in breast milk from mothers in 4 countries; more specimens from other parts of the world including Africa and Asia should be examined to fully assess the potential negative impact of breast milk on live oral rotavirus vaccines in different settings. Second, while the observed high titers of antibody and in vitro neutralization activity of breast milk suggest a potential for substantial impact on vaccine performance, it is not possible to directly translate these findings into the real-world impact as this will be affected by many other factors such as the timing and amount of breast milk in the gut at the time of vaccination. Titers of neutralizing activity and antibodies decrease over time, so the effect we measure could also change over time or be neglected by administering multiple doses of the vaccine, perhaps at a time when the infant is not breastfeeding. Finally, we did not assess other factors such as interference of multiple bacterial and viral agents and different enteropathology in the gut of children in poor developing countries that might also potentially inhibit vaccine performance.
In conclusion, our findings indicate that the neutralizing activity of breast milk could be one of the many factors that might explain the lower observed immunogenicity and effectiveness of live oral rotavirus vaccines among children in developing countries. These data should encourage clinical trials to investigate whether delaying breast-feeding for a short period before and after giving the vaccine could reasonably improve the immune response and protective efficacy. Since all live oral rotavirus vaccines are potentially susceptible to interference from breast milk neutralizing activity and other factors such as maternal antibody and other enteric flora, a parenteral vaccine with nonliving rotavirus (eg, inactivated vaccine) should be pursued as an alternative that will provide an insurance policy to the global immunization agenda against rotaviruses. 26 
FIGURE 1.
Cumulative frequency profiles of rotavirus-specific antibodies in breast milk specimens from mothers in India, Vietnam, Korea and the United States. Milk specimens were tested for IgA (A) and neutralizing activity against vaccine strains Rotarix (B), RotaTeq G1 (C), and 116E (D) as described in the text. Nearly all Indian women had an IgA titier >16 versus all other women. The median IgA and neutralizing titers and the distribution of titers for breast milk from Indian women were higher than all others. The values of significance between Indian women and those from Korea, Vietnam, and the United States are indicated. NA indicates neutralizing antibody. 
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